ABSTRACT The leakage flow is the vital index judging axial piston pumps, which is strongly influenced by the wear resulting from the cylinder block tipping against the valve plate. In order to improve the energy efficiency and realize the reliable design of axial piston pumps, this paper presents an integrated model to predict the cylinder block/valve plate interface performance, numerically solving Reynolds equation coupled with the elasto-hydrodynamic deformations, the pressure-viscosity effect, and the asperity contacts. The film thickness distribution in steady state is numerically calculated, then the wear distribution under different kinds of operating conditions can be predicted based on the Archard wear equation. The analytical results indicate that the wear appears at both sides of the inner dead point, which is verified through measuring results. The proposed approach shows an essential prediction on the wear distribution.
I. INTRODUCTION
Swash plate axial piston pumps have been widely used in fluid power systems for their benefits of high power density and efficiency [1] - [3] , which are mainly composed of slipper/swash plate, piston/cylinder block and cylinder block/valve plate, as shown in FIGURE 1. The cylinder block/valve plate pair is one of the most critical design elements [4] . The wear caused by the cylinder block tipping against the valve plate would lead to the reduction of volumetric efficiency, bearing capacity and the whole pump service life.
Earlier work mainly focuses on the physical contributions to the tilt phenomenon. Manring [5] specified an important design criterion to prevent the catastrophic tipping failure of the cylinder block, and the non-dimensional tipping criterion equation was further developed by Shin and Kim [6] . Similarly, Jiang and Yan [7] derived an optimizing criterion about the rotation speed and the pump structure. Bergada et al. [8] , [10] proposed that elastic metal to metal contact existed between the cylinder block and the valve plate, which was validated by experimental results.
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Xu et al. [11] and Zhang et al. [12] implied that the cylinder block tilting effect was enhanced with the rational speed increasing and investigated some factors contributing to the tilt phenomenon. Wang et al. [13] , [14] studied the lubrication characteristics with and without consideration of the cylinder block tilting, but the squeeze term of Reynolds equation was ignored.
Some measurements helped to identify the tilt direction. Kim and Jung [15] and Kim et al. [16] measured film thickness among three kinds of valve plates, and found the minimum film thickness occurred around the middle of discharge region. Another similar conclusion was presented by Zhang et al. [17] .
According to the tribology theories [18] - [20] , the mechanisms of wear in lubricated contacts mainly depended on the film between the two sliding surfaces. Benefited from the great progress of simulation tools, the lubrication performance of the cylinder block/valve plate interface could be numerically analyzed. The multi-physics simulation model in terms of elasto-hydrodynamic deformations, transient squeeze and conjugate heat transfer effects, was gradually established by the Maha Fluid Power Research Center, and the micro-surface shaping was further introduced into the simulation model [21] - [30] . More micro shapes were VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ FIGURE 1. Sectioned view of a swash plate axial piston pump. analyzed by Shin and Kim [6] . These investigations were expanded without consideration of the surface roughness, while Han et al. [31] added the effects of surface asperities into the simulation model, which showed better prediction for the film thickness and pressure. Furthermore, Han and Zhao [32] considered high-hardness particles suspended in the lubrication oil were the main reason leading to the damage of mating surfaces, and proposed an elementary method to predict the abrasive wear rate without consideration of deformations for the first time.
The amount of papers published are admirable in total, however, there is still a lack of universal method to predict wear of the cylinder block/valve plate pair. Therefore, an integrated model combining Reynolds equation, the influencefunction method and the contact model is proposed in this paper, which is convenient to predict the wear distribution of the valve plate using Archard wear equation. Finally, the simulation results are compared with measuring results.
II. MATHEMATICAL MODEL BUILDING A. EXTERNAL LOAD
Because of the unknown installation direction, the gravitational force is mostly neglected. The frictional force produced on the sliding surfaces is equivalent to one point, and the additional generating moment is negligible. For simplified calculation, the frictional coefficients are unified as f in this paper.
Basically, there are 8 kinds of force acting on the mechanical model, just as shown in FIGURE 2, the reaction force of the swash plate F sw , the frictional force between the swash plate and the slipper F sf , the inertia force and the centrifugal force of the piston-slipper assembly F a , F r , the pressure force F p , F c , the spring force F sp , the reaction force of the shaft F sh , and the reaction force of the valve plate F v . Moreover, the frictional force generated by the valve plate is ignored, and the same type force is indexed by n.
In order to simplify the analysis, F sh acting the same way as F v could be unconsidered. The pressing force and the tilting moment acting on the cylinder block without consideration of F v can be expressed as:
Equation (1) could be expanded and merged, then the following expression can be obtained:
where β is the swash plate angle, A 0 is the area of the kidney port, p is the displacement chamber pressure, R f is the piston pitch radius. It can be seen the calculation of (2) mainly depends on F sw , which can be solved in the mechanical equilibrium of a single piston-slipper assembly, which is shown in FIGURE 3. F cr is the pressing force between the cylinder block and the piston and F sw can be expressed by:
where: where d is the piston diameter, m is the mass of the pistonslipper assembly, and ω is the rotational speed.
B. GAP GEOMETRY
The dynamic film within the cylinder block/valve plate is formed by the rotation of the cylinder, and the suction and delivery process are separated by the outer dead point (ODP) and the inner dead point (IDP). The gap is wedge-shaped in absence of any phenomenon altering the shape of solid parts, and following expression can be obtained from FIGURE 4.
where h min (t) is the minimum film height, k(t) is the gap opening slope, R v is the radius of the external ring, ϕ(t) is the angular position of h min (t), which is also the cylinder tipping position. Then the actual film thickness can be expressed as:
where δ c , δ v is the deformation of the cylinder block and the valve plate, respectively. The influence-function method [33] , [34] is widely used in calculating the deformation by outline, which is:
where p f (r, θ ) is the fluid pressure, D(r, θ) is the applying point deformation at reference pressure p re , and k h (r, θ ) is the deformation ratio from grid point (r, θ ) to point (r 0 , θ 0 ). In general, the film within the cylinder block/valve plate is considered as laminar flow, and the film flow is continuous. The pressure and film thickness distributions can be obtained by solving Reynolds equation, which can be expressed in polar coordinate: where µ is the film dynamic viscosity, which can be expressed as:
where µ 0 is the viscosity at atmospheric pressure, and α p is the pressure coefficient.
C. CONTACT MODEL
The sliding parts of the cylinder block/valve plate pair are rough surfaces. When the oil film is getting thinner, the influence of asperity contacts is getting stronger. Therefore, it is necessary to introduce the contact model into the whole procedure. Considering the cylinder block is in rotary motion and harder with respect to the valve plate, the number and intensity of asperities in contact are changing alongside the angular shaft position. Besides, there are dozens to hundreds of asperities within one grid element, therefore, the roughness profile is not a proper choice for the analysis of the cylinder block/valve plate interface. In order for simplified analysis, the following assumptions is given based on GreenwoodTripp (GT) model [35] :
1) The mating surface of the cylinder block is covered with rigid half spherical asperities, and that of the valve plate is regarded as an elastic half space [36] .
2) The asperities share the same radius of curvature at the peak, even surrounded by high pressure oil.
3) The asperity heights are evenly distributed, while the whole distribution of the asperity heights is rather close to standard Gaussian distribution. 4) Asperities are far apart and there is no interaction between them.
5) The bulk deformation has no influence on the asperity deformation.
The single micro-contact model is shown in FIGURE 5 [37] . h represents the film height, w is the vertical deformation, R σ is the radius of curvature, which can be calculated from [38] . The difference between the mean line of the surface and the mean line of the asperities d d [39] , [40] :
where σ 0 is the composite root-mean-square (RMS) surface roughness, which can be calculated as:
where σ c and σ v are the RMS roughness values of the cylinder block and the valve plate, respectively. The asperity deformation can be defined as:
For contact, w > 0, which means z > h − d d . Chang et al. [37] proposed a critical interference w e , which follows:
where H is the hardness of the softer material, E is the usual composite elastic modulus, which can be calculated as:
where E c , E v and ν c , ν v are the Young's moduli and Poisson's ratios for the cylinder block and valve plate, respectively. When w < w e , the contact is elastic. When w ≥ w e , the contact is plastic. Then the asperity reaction force F e and the contact area a e can be calculated as [41] , [42] :
Then the mean asperity contact pressure can be calculated as:
The areal density of asperities in contact is:
where ρ σ is the areal density of asperities, which can be estimated from [43] . Then the contact areal coefficient is:
Generally speaking, k e is smaller than 1. However, when the film is very thin, k e might exceed 1. In this case, k e should be limited to 1. Then the contact force can be expressed as:
D. FORCE BALANCE
In this study, the addition of the asperity pressure does not appreciable change the distribution of the film pressure, then the total bearing capacity comes from the contact pressure and the oil film pressure:
where:
The cylinder block is in dynamic equilibrium, which follows:
III. ARCHARD MODEL
Theoretically, the wear height could be calculated with Archard Wear Equation [44] , just as shown:
where k w is the wear coefficient, S is the sliding distance. The dimensionless film thickness λ can be used to distinguish the state of lubrication at a contact point. It is believed that the film is thinner, the wear coefficient k w is larger, which is defined as [45] :
In the case of the constant rotation, the relative sliding distance can be defined by: (29) where T tol is the total run time.
Then h w could be rewrote as:
h w = k w k e p e rωT tol (30) According to (27) , the wear coefficient k w is only related to the dimensionless film thickness λ and the wear coefficient k 0 . However, in most cases, k 0 is determined by experiments, in other words, k 0 and T tol need to be estimated before the wear prediction. 
IV. NUMERICAL CALCULATION A. DISCRETIZATION
Using central difference scheme (CDS), (10) can be modified as follows:
B. PRESSURE BOUNDARY CONDITIONS
The displacement chamber pressure is impacted by many factors, especially pump structures and operating conditions. Compared with a complex mathematical model, the simulation model with lumped parameters is easier and more accurate to reflex the pressure varying, which is shown in FIGURE 6 . The suction and delivery processes are assumed as separate control volumes, which are controlled by the flow area from a single displacement chamber to the intake and discharge ports with precompression and decompression grooves respectively and linked to the tank, additionally, the piston leakage depends on the chamber pressure is also simulated, and then a piston model is compounded as a new component. Finally, the pump model with 9 pistons is built and the chamber pressure is calculated, which is shown in FIGURE 7. p b is the discharge pressure and p s is the intake pressure. Assuming the shaft angle is equivalent to the angular position of the 1st displacement chamber, then all the displacement chamber pressure can be identified: In order for the correct calculation and prediction of the cylinder block/valve plate interface, the pressure boundary conditions should be defined correctly. The internal and external sealing rings of the interface are regarded as:
where R i is the radius of the internal ring.
C. SOLUTION PROCEDURE
Each loop (40 • ) is discretized in time using a fixed step, which corresponds to the time required to rotate the cylinder block of one degree. The radial and circumferential direction is discretized into 66 and 720 grids respectively. FIGURE 8 illustrates the workflow of the simulation process, a minor loop about the elasto-hydrodynamic lubrication (EHL) is contained within the whole procedure. The cylinder block/valve plate interface is a fluid-structure problem, in other words, the mating surface deformations δ c and δ v , are varying alongside the film pressure. At every iteration in solving Reynolds equation, the elastic deformations and the viscosity field are calculated under the current pressure field, then the film thickness is updated, which would impact the pressure field. Considering some element pressure value may be negative, so the pressure criterion is presented as:
Theoretically, the procedure ends when the film thickness is periodic over one loop. However, in most cases the film thickness fluctuates along with the loops. FIGURE 9 is a typical evolution of film structures, it can be seen that there are obvious fluctuations of the tipping position ϕ, the minimum film height h min , and the gap opening slope k, indicating the cylinder block stabilizes in relative range, so the average values of the film structure within the fluctuating loops are more useful to evaluate the film lubrication performance. 
V. ANALYSIS AND DISCUSSION
Axial piston pumps work in various operating conditions, which would lead to wear of the valve plate. Therefore, it is necessary to analyze the film structures varying with different operating conditions. The calculation parameters are presented in Table 1 .
A. OPERATING CONDITIONS
There are kinds of operating conditions for axial piston pumps, which might cause wear of the cylinder block/valve plate pair. In order to predict the eccentric wear, it is necessary to calculate several typical operating conditions, and the operating condition group is shown in Table 2 . FIGURE 10, FIGURE 11, and FIGURE 12 illustrates the average film structureφ,h min , andk varying with different operating conditions, respectively, while these three parameters represent the hydrodynamic effect. Therefore, at a constant rotational speed, an increase in discharge pressure leads to the more substantial hydrodynamic effect, which means the increase ofφ andk, and the decrease ofh min . In the case of a constant pressure, the hydrodynamic effect is proportional to the rotational speed, while the external loads vary a little. As a consequence, the variations ofk andh min present negative impact on the hydrodynamic effect, whileφ presents irregular variation.
B. WEAR PRECTION
Selecting the fluctuating loops to calculate the wear height, the wear profile for OPC9 is shown in FIGURE 13 . Obviously, wear are observed at around the IDP, and more wear appears at the intake region. Recalling FIGURE 10, the tipping position concentrates around 160 • , however, due to the deformations, the actual position of the minimum film thickness approaches the intake side. When the discharge pressure is decreased, the deformation effect reduces, in other words, the cylinder block tipping motion contributes more to the wear. FIGURE 13 also demonstrates that the maximum occurs at the external sealing ring, and the predicted wear height distributions of the external ring at different operating conditions is shown in FIGURE 14. It can be seen that there are significant difference about the wear height distribution among the operating condition group, the maximum wear of the discharge region appears at about 135 • , while that of the intake region varies from 200 • to 215 • . It is noticeable, however, at a constant discharge pressure, an increase in speed would reduce wear of the discharge region, while wear of the intake region increases at first, and then decreases. The deep reason for this phenomenon is that, recalling to (26), when the speed rises, the film becomes thicker and the wear coefficient decreases, while the sliding distance per unit time becomes longer, the synthetic result is that the pump has a critical rotational speed for a constant pressure, which would lead to the most serious wear.
C. MEASUREMENT AND DISCUSSION
In order to verify the above analysis, it is necessary to measure the real valve plate wear height. FIGURE 15 is the overview of the measuring process. The wear scar can be obviously observed on the surface, selecting 12 points in the external sealing ring. The measurement is carried out on Laser Scanning Confocal Microscope (LSCM), and the vertical resolution is 0.01µm. The valve plate is fixed on the XY stage, with fine-tuning of the XY stage and changeover of the objective lens, the clear 3D scar is gradually observed from the monitor. In most cases, the desired magnification is 128×128µm, then the wear height can be calculated from the 3D scanned profile. The measured results is shown in FIGURE 16 . FIGURE 16 is the plot of the measured results. Compared to the intake region, wear of the discharge region is larger, and the severe wear zone varies from 120 • to 150 • , while that of the intake region varies from 210 • to 270 • . Furthermore, wear of the IDP is larger than wear of the ODP. In total, the predicted maximum wear height locates on the severe wear zone, and more wear emerges at the discharge region, which is beyond the predicted results, indicating in most cases the pump works at low discharge pressure and speed. However, there are many factors which would lead to wear of the cylinder block/valve plate pair, such as various operating condition, the severe lubrication condition when the pump starts, and the high-hardness particles suspended in the lubrication oil, etc.
VI. CONCLUSION
In this paper, a novel integrated approach combining the cylinder block/valve plate interface lubrication model and Archard model to predict the wear distribution is proposed. The film pressure and thickness distributions are simulated with consideration of the deformations, the pressure-viscosity effect, and the asperity contacts. The asperity height distribution and the asperity contact force are estimated based on GT assumption.
Based on the film thickness, the wear distribution under different kinds of operating condition can be predicted. The simulation results show that wear appears at both sides of the IDP, which is verified by measured results. Further work will focus on surface treatments on specific regions of the valve plate in order to reduce wear and prolong the pump service life. 
